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Summary. This paper is a case study of the stimulation and testing of tight, lenticntar sands in the paludal interval of the

.-

Mesaverde group in the Piceance basin at DOE’s Multiwell Experiment (MWX) site in Colorado. Topics discussed include geologic
data, stress test results, well testing, laborato~ core sfudies, stimulation and stimulation amlyses, and postfracmre operations,

Introduction
For a number of years, the U.S. government has engaged in re-
search m enhance gas recovery from unconventional reservoirs,
such as organically rich, fractured shale and discontinuous, lentic-
ular, tight sandstones. Although large quantities of namral gas are
trapped in these formations, the permeabilities are ma low to per-
mit economic recovery by conventional technology, In the western
U. S., the Greater Green River, Piceance, Wind River, a“d I..ha
basins have been identified as containing significant amounrs of gas
in thick sections of Ienticular sands. The Nat. Petroleum Council
has appraised 1 these four basins to hold 136 Tcf [4 x 10’2 m3 ] of
maximum recoverahie gas in Ientimdar reservoirs. This sizeahk
resource is being investigated by rhe DOE in the Piceance basin
of western Colorado, where a field laboratory containing three close-
IYSP=~ weus Pe.etmting the Ienticular Mesaverde formation has
been constmcted. This facility, near Rifle, CO, is the site of the
DOE MWX, which has been developed to determine the viabili~
of the Icnticular, tight sands as a gas resource.

Massive hydraulic fracturing has demonstrably increased gas pr-
oductionfrom tight reservoirs. Its performance in lenticular kmma-
tions is currently unpredictable, however, because of p-cmdefinition
of reservoir properties and sizes, inadequate “ndersrandi”g of the
physics that control fracture propagation and proppant transporr.
limited ability to measure, describe, or evaluate the created fmc.
rure, and uncertainty as to the relationship of stimulation design
variables (fluids, pmppants, and pumping rates) to the resultant frac-
ture. These difficulties are compounded in the lenricular formations
by the uncertainty concerning whether multiple lenses. some re-
mote from the wellbore, can be stimulated by a common treatment.
fntpmved understanding, evaluation, prediction, and possible control
of stimulation technology are needed for effective development of
tight, lenticular resewoim.

In this paper, we describe a case smdy of the testing and fractur-
ing of Ienticular sands in the paludal intervalz of the Mesaverde
group. Results include (1) geologic studies that delineate the sizes
and shapes of the lenses, (2) detailed core and log reservoirlrock
property data, (3) stress test data showing the vertical distrihmion
of Orehorizontal in-situ stress, (4) well tests3 (drawdown. huild-
UP, and interference) to determine in-situ reservoir properties, (s)
laborato~ data4 on fracntre fluid invasion and damage, and (6)
rhe various analytic and diagnostics techniques used to evaluate
the hydraulic-fracture treatment.

Overview
The objectives of this paludal experiment were to characterize the
Ienricular sandstones for reservoir quaMy and size, to determine
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fracture geometry and behavior in a Ienticular environment, and
to stimtdate lenrictdar sandstones in this complex, coal-bearing in-
terval successfully. To achieve these objectives, the hydraulic-
fmcture treatment was divided into two phases. The first phase con-
sisted of two minifracmres and step-rate/flowback tesrs, during
which several diagnostic techniques were used to map fracture be-
havior. These tests also provided fracture design infommio” for
tie main treatment. Associated with this phase were pre- and past-
fracmre welt rests, stress tests, and Iaboratoty fluiddamage tests.
The second phase was the full-scale treatment, again with several
diagnostic techniques. Associated testing included posrfracture
cleanup and well tests, as well as laboratory damage and residue
measurements. Derailed core a“d log analyses were performed to
SUPPOITall tests The results of tiese exPerime”% and the cO”cl”-
sions inferred from them will be outlined in this paper. -.. .

MWX Site

The MWX site consists of three closely spaced wells. (welts
MWX-1, MWX-2, and MWX-3). We have raken over 4, ICOft
[1250 m] of core with more than 1, IOQft [335 m] of oriented, and
have performed comprehensive core and log analysis programs,
derailed geophysical surveys, and extensive well testing and stress
testing programs. The three wells are 115 to215 ft [35 to 66 m]
apart and their depths are 8,350, 8,300; and 7,565 ft [2545, 2530,
and 2306 m], respectively. lle Mesaverde group at this location
is found at 4,104 to 8,300 ft [1250 to 2530 m].

Geologic and Sedimentologic Setting
Thepaludal intemalz refers to the fate Cretaceous lower delra
plain deposits of the WiIlimns Fork formation of the Mesaverde
group. It is characterized hy muddy and carbonaceous flood-plain
deposits, witbh which narrow dismibutay channels, chmnel nmr-
gin (levee) deposits, and splay (tlccd) deposits are interbedded. Dis-
tributary depxits typically are thick sandstones with few or no shale
break.$ channel margjn deposits contain timer sandstone beds with
frequent sikstone and mudstone intetiln,get’img;splay deposits are
often reservoir-quabty, clean sandstones nmr their apex (tie chan-
nel) but become interbedded with siltstonc and mudstone near their
exrremide~ tlmd-pk?in deposirs consist primady of coals and mud-
Stones,

Lorenzz sratisricatfy estimated the widths (mrrow, horizontal
channel dimension) of the sand reservoin on the basis of two pro-ce-
dmes. The first procedure combined the correlation percentages
of reservoir sandstones between the three wells wirh the spacing
of tie wells to predict an average lens width. With thii procedure,
lens widths for rhis delta plain environment are on the order of lMI
to 500 ft [30 to 152 m]. The second procedure relies on the rela-

535



MWX-I MWX-2 MWX-3
G.R. G.R. G.R.

(API UNITS) (API UNITS) (API UNITS)
0 100 200 0 100 200 0 100 200

7000
s

7050

~

z+ 7100
n

E

7150

7200

Fig. l—Paludal Zones S and 4. ~9. 2—pfan view of sand reservoir and hydrautic fracture.

tionship between len3 thickness (venical dimension) and maximum probably i3 oriented east-northeast because it intersects Wells
lens width as measured in outcrop. A best-tit straight line through MWX-1 and MWX-2, but is only marginally evident in Well
an ensemble of outcrop data yielded width =8.6 thickness 11, with MWX-3. No size estimates are available for Zone 4 (because it
a correlation coefficient of 0.62. Maior sources of error are the is a splay), but the splay probzbly originated from a channel to the

north-northeast because this zone is thick in Wells MWX- 1 and
MWX-3 but is marginal in Well MWX-2.

Fig. 2 shows a plan view of thk representation of Zones 3 and
4. Also shown is the expected hydi-aulic-fractme azimuth from
several stress-orientation measurement techniques. 7 The probable
intersection of the hydraulic fracture snd the sand reservoi~ is 200
to 500 ft [61 to 152 m], depending on the true orientation of the
charnel and the width of the splay.

scatter in outcrop data and the uncer&nty of penetrating the lens
in the location of its maximum width. In the 11 charnel lenses en-
countered in MWX, the predicted widths were 80 to 550 ft [25 to
168 m]. Channel lengths are estimated to be at least one order of
mw@mde ,gr~fir than the widths. No method is available to esti.
mate the sue of the splay deposits,

Lorenz also estimates the orientation of the channels on the ba-
sis of pd.mgeography, well-to-well correlations, crossbeds in ori-
ented CDre,and a high-resolution dipmeter. Pdeogeogmphy suggests
th6t the major flow direction was generally east-nofiezst, and mozt
of the distributary lenses at MWX are in this range.

Fig. 1 shows correlated gamma ray loss of the two sandstone
rew’voirs that were chosen for hydraulic fracture. These rewvoirs
are labeled Zone 3, which is interpreted as a dktributary channel,
and Zone 4, which is interpreted as a splay deposit. Zone 3 was
perforated from 7,120 to 7,144 ft [2170 to 2177 m] and Zone 4
from 7,076 to 7,104 fl [2157 to 2164 m]. Zone 3 is probably about
350 ft [107 m] wide on the basis of its 28-tl [8.5-m] tilckness, and
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TABLE 1—PALUDALCORE DATA IN WE+ MWX-3

Klinkenberg Permeability (red)
Log Water At Effective Ccmtining

Depth Porosity Saturation Stress (psi)
(n) (O/.) (%) 1,000 2,000 3,000

7,060 3.8 74 0.0020 0.0006 0,0001
7,0S2 8.3 66 0.0118 0.0065 0.0046
7,083 10.0 56 0.0203 0.0086 0.0063
7,085 11.1 51 0.0419 0.0062 0.0150
7,03s 10.0 57 0.0101 0.0062 0.0051
7,069 11.2 51 0.0161 0,0130 0.0096
7,092 8.9 62 0.0062 0.0051 0,0037
7,094 10,6 57 0.0162 0.0144 0.0063
7,096 10.9 50 0.0165 0.0117 0.0060
7,097 10,0 50 0.0107 0.0080 0.0057
7,099 10.0 73 0.0201 0.0089 0.0060
7,100 9.8 75 0.0104 0.0053 0.0046
7,103 7.6 0.0072 0.0036 0.0014
7,122 4.0 % 0.0009 0.0003 0.0002
7,124 6.4 74 0.0017 0.0008 0.0003
7,125 7.’I 67 0.0056 0.0021 0.0010:
7,127 10.6 53 0.0154 0.0066 0.0063
7,129 10.9 64 0.0133 0.0124 0.0091
7,130 11.6 56 0.0168 0.Q152 0.0136
7,182 11.4 48 0.0147 0.012s ‘ 0.0088
7,133 12.4 56 0.0323 0.0252 0.0218
7,134 11.5 45 0.0259 0,01s9 0.0163
7,135 10.9 45 0.0140 0.0131 0.0115
7,!37 10,6 4s 0.0139 0.0123 0.0094
7,142 6.5 77 0,0053 0.002s 0.0011
7,144 6.1 so 0.0023 0.0005 0.0003
7,145 7.0 78 0,0031 0.0018 0.0010
7,148 5.6 76 0.0041 0.0011 0.0009
7,150 6.4 84 0.0032 0.0028 0.0010
7,151 4.6 81 0.0021 0.0004 0.0002

. .
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I Fig. 4-Stress data and estimated stress profile in Well MWX.1.

One other factor fmther complicates this geometry. A fault with
a 12-ft [4-m] throw intersects Well MWX-2 just above Zone 4.
The orientation of this fault is not known, but it does not intersect
the other wells, It is assumed that it is oriented in the same direc-
tion as the mtural fractures observed in oriented core, about
N70”W.

The fiml complication is the presence of coal beds above, be-
low, and in between Zones 3 and 4. The proximity of these coals
to the reservoir sands was a cause for concern in designing the frac-
ture treatments.

Core and Log Analyses
Core was obtained in both zones in Wells MWX-2 and MWX-3.
None of it was oriented in this interval. Fig. 3 and Table, 1 show
an example of the results of special core.analyses irrd.ding Boyles
law porosi~ measurements, dry, Klinkenberg-corrected perrnea-
b~ity measurements at confining stress (2,000 psi [14 MPa]), and
water saturation, SW,data. Also shown for correlation are tie gam-
ma and porosity logs. fn this well, Well MWX-3, a casual look
at the logs shows little developed porosity. However, the 10to 12%
porosity measured in core in these zones was the best in the entire
Mesaverde section (see Table 1). Dry, fGinkenberg-corrected per-
meabilities of 10 to 20 ~d were also the highest matrix permeabili-
ties me+sured in the section. Relative permeability &m from
Randolph 8 show that the gas permeabilities area factor of 3 to 5
lower at 40% SWand will be effectively shut off for SW> 60 %.
He also found that these paludal rocks are not ve~ stress-sensitive.

Log analyses by Kukalg gave permeability/height, M, values of
0.5 to 1.0 md-ft [1.5 x10-4 to 3.0x 10-4 md. m] for bofb sands
in all wells, with the exception of Zone 4 in Welt MWX-2, which
was not analyzed for permeability. He calculated water saturations
of 52 to 60% for these zones (again with fhe exception of Zone
4 in Well MWX-2, which was 76%).

Tbe decreased porosity and permeability in the bottom half of
Zone 3 indicate that Well MWX-3 has penetrated the channel near
the margin. While the top of the zone is a clean sand (as seen in
the core), the bottom shows inten%gering with siItstonc and mud-
stones and thus poor reservoir quality. These large changes in reser-
voir quality are typical of these Iemicular reservoirs.

Several natural fractures were observed in the core (not orient-
ed), b“t they were mostly i“ the tine-grained, thin-bedded materi-
als, and all were calcite-filled. The televiewer log picked up seven
possible fractures, but no preferred oriencxion of these. fractures
was found.

Rock propenies determined from core compression tests under
contining pressure resulted in a Young’s modulus of about
3.7x 106 psi [25 GPa] and a Poisson’s ratio of 0.22. Poisson’s ra-
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of 0.16 to 0.2. Young’s mod~lu~ in tbe boun~:ng mudstones and
sihstones was considerably greater than in the sand% values ranged
from 4X 106 to 6 x 106 psi [28 to 41 GPa]. Poisson’s ratio in fbese
mcti varied from 0.2 to 0.26. Sonic data in the bounding materi-
als were generally unusable because of the presence of coals.

Geophysical Surveys
While a three-dimensional (3D) seismic survey, NO vertical seis-
mic profiles (one azimuthal), and two cross-well seismic surveys
have been performed for this experiment, 10 the presence of coal
in this interval made fhese data useless for any interpretation of
stmcmre and lens morphology. The coals acted as the strongest
reflectors in this section and as diffraction gratings to some e.xrmt,
thus masking alt other important feamres.

Stress Test Data
In-situ stress measurements were performed throughout the palu-
dal section to determine the vertical distribution of the minimum
horizontal principal in-sire stress for hydraulic-fracture containment
analyses. These measurements used the hydrautic fracturing tech-
nique as described in Ref. 11. Fig. 4 shows the minimum stress
data from all three wells vs. the depth in Well MWX-2, where most
of the measurements were made. Additionally, Fig. 4 shows our
best reconstruction of a stress profde for WeO A4WX 1, the weIl
that was stimulated. This profile is only an approximation because
of the limited number of data points and the good possibility of
stress variations in lateral directions.

Fig. 4 shows fhat we were fortunate to be located i“ Iow-stress
sands wirh high-stress bounding layers. The upper bounding zone
is fairly thin, however, and fhus would not be a complete barrier
to fracture propagation if the treatment pressures became high.
Above thk barrier, only low stresses were measured up to 6,800
ft [2073 m]; with so few data points, however, high-stress layers
am, still quite likely above 7,000 ft [2134 m].

The highest stress measured in the paludal section was in the cod
above Zone 4 at 7,050 ft [2149 m] with a 1.02-psi/ft [23-kPa/m]
gradient. Sands typically have 0. S2- to 0.87 -psi/ft [18.5- to
19.7-kPa/m] gradierm.. Of atl the stress measurements performed
in,tbese wells, the data in this paludal section are the least accurate
and reproducible. We believe it is a result of the complex Iithology
in this sectio% core logs show that lithologic changes are found
from every few feet to as little as every few inches. Thus, a stress
measurement probably “avem,ges” these stresses, and different re-
sults should be expected for &fferent volumes. Typical accuracies
for these dam are only +50 to 100 psi [+345 to 690 kpa] for most
tests.
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Prefracture We!l Teat Data

Prefracmre well tesdng3 of commingled Zones 3 and 4 was con-
ducted in Fall 1983. Testing consisted of an initial flow period for
cleanup followed by a short buildup test and then an extended in-
terference test. During a 7-day flow period of the intetierence test,
the well prcduced at 2W”to 250 Mcf/D [5665 to 7080 m3/d] at
surface pressures of 80Qto 2,8CH3psi [5.5 to 19.3 MPa]. However,
no interference was seen in the observation wells at distances of
only 112 and 189 ft [34 and 58 m]. The fliw period was followed
by a 7-day buildup from which an initial kh of 0.95 md-ft [0.CC03
md. m] was calculated for toth zones. ‘rltisyields an estimated aver-
age permeability of 36 I@ and the formation tempmitme was about
21O”F [99”C].

The high permeability and absolute open flow (AOF) compared
to the core data show that these zones are naturally fractured. Be-
cause there was no evidence of linear flow in the well test data,
we me probably dealing with a fairly interconnected natural-fracmtre
system. However, no well-to-well interference was observed with
these permeabilities. For a 0.95-md-ft [0.0003-md. m] formation
flowing at 250 N@f/D [7,080 m3/d], interference should have been
observed in 1 or 2 days. The lack of interference may indicate that
there is no comection bepveen the mNral fracture-s intersecting
individual wells, and the natural fracture system is suggested to
be one of subpamdlel fractures with low-angle intersection. 12
Other factors confusing the results are the fatdt in Well MWX2
and the limited thickness of Zone 3 in Well MWX-3 (the cbanne]
margin).

Phaae 1 Minifra@ures
The ptu-pse of the Phase 1 minifracmres was two-fold: to attempt
to map fiacmre bebavior in a lentimdar reservoir by use of two
mittitlmttues with different, volumes and to obtain design infor-
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mation for the main treatment. The approach was to conduct one
small, unpropped minifracttme and try to map its important char-
acteristics, and then m conduct a second minifmcture with twice
the volume. We would like to discern any differences in fracture
behavior or geometry that might be attributable to the lens mor-
phology and associated stress and Iithologic features. Because we
were using no pmppant in these tests, we could masimize our in-
foWafion by obtaining careful pressutiecline data atler the treat-
rnmt for a Noke.type analysis. 13 Additionally, we conducted
stepmtef flowback and pump-inl flowback tests before conducting
the minifmctures m obtain addhional closure stress data Uiatwere
averaged over the commingled zones. This series of tests was con-
ducted in Well MwX-I in Dec. 1983.

Step-Rate, PumpIn, and PIowback Tests. Step-rate/flowback and
pump-itiflowback tests with KCl water were conducted to provide
a suitably averaged (over the fracture size) initial closure stress for
the minifracmre analyses and an “initialfracture extension pressure
for comparison with later data should anomabms behavior occur.
The steprate test resulted in a minimum fracture extension pres-
sure of about 5,950 psi [41 MPa]. The flowback test following the
step-rate te3t resulted in an apparent closure strws of 5,S00 psi [40.7
MPa]. The second flowback test yielded an apparent closure stress
of 6,100 psi [42 MPa], considerably higher than the first test. This
change in closure stress was initially attributed to leakoff of frac-
ture fluid into the near-fracture pore space Coackstress), but other
interpretations are also Wssible. The injection pressures were 6,355
psi [43.8 MPa] bottomhole at 8 bblhnin [0.021 m3 /s] for the step-
rate test and 6,500 psi [44.8 MPa]. at 10 bblhnin [0.026 rn3/s] for
the pump-in test (- 120 bbl [19 m3] total volume for each test).
These vatues are quite high for pumping KC1 water at these low
rates. The closure stress data can be compared with a mininmm

SPE Formatio” Evahation, December 1987
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F@. 6—Results of Minifracture 2.

I

stress of 5,805 psi [4C MPa] measured with a small breakdown in
Well MWX-3.

Mfnffracture 1. Minifracmre 1 was designed to be 2CQfi [61 m]
long so fhat the fracture would remain, for the most part, within
the sand bodies. A volume of 15,000 gal [57 m3 ] of a noncross-
linked 30-lbm/ 1,000-gal [3.6-kg/m3 ] WGA-2 gel was chosen on
the basis of both pseudo-3D analyses using the measured in-situ
stresses (Fig. 4) and an estimated maximum fracture height of 120
ff [37 m] (constant-height mcdel) using the same stress data. Smifb
Energy Services, the stimulation contractor, suggested a prepad of
1OW-PHmethanol to reduce formation damage and to aid fluid recov-
ey; 2,100 gal [8 m31 was used. This was based on a laboratory
study of MWX core dmt showed a near 100% permeability recov-
e~ with this prepad as opposed to 40 to 60% damage for sbort-
term data with no prepad. The flow rate was 10 bbilmin [0.026
m31s].

During the minifracoms (a{”wellas the step-ratdflowback w.@,
diagnostics consisted of the following.

1. A quawaystal-oscillator, bottomhole pressure (BHP) trans-
ducer, and a bottomhole temperature gauge at 6,700 ft [2.042 m]
in Well MWX- 1 (the stimulation well) on a wireline in tubing, re-
cording at the surface.

2. Borehole seismic geophoness in Wells MWX-2 and MWX-3
to map fracfure geometry.

3. A postfractwe temperature sumey.
This treatment was conducted as planned, and the important data

are shown in Fig. 5.
Fig. 5a shows the treatment pressure vs. time for this treatment.

The ‘tiportant aspect of fbis figure is the high treatment pressure
(803 psi [5.5 MPa] above initial closure stress). The Nolfe-Smitb14
logllog plot of pressure behavior ~ig. 5b) yields an exponent of
0.28, which is higher than the value of 0.22 expected for a fluid
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with this rheology (n, =0.76; kr =0.00072 lbf-seen’ lfr2
—...

[0.034N.sn ‘/mZ]). Nevertheless, fhe plot indicates that the frac-
ome was extending in length without excessive height growth. The
temperature log in Fig. 5C indicates that total fracture height was
on the order of 135 ft [41 m], although the top “ofthe fracture is
equivocal. The Nolte pressure-decline amlysis 13 (Fig. 5d), usin
a height of 135 ft [41 m], a plane-strain modulus of about 4.5x 10%

psi [31 GPa], a viscosity degradation exponent of 1.0, a leakoff
height of 55 ft [16.8 m], a pump time of 43 minutes, and an instan-
taneous shut-in pressure (L3fP) of 6,670 psi [46 MPa], remdts in

+
a win length of 275 ft 84 m] and a leakoff coefficient of 0.0013

Pfit min [0.0004 ml min ]. These results are Io”gm fhm the de-
sign, but rlis is probably a result of neglecting the methanol prepad
in the design calculations and cak!ulating a lower gross leakoff
coeffbient than used in the design. Two shut-ins during the treat-
ment were analyzed following NIerode 15ahd resulted in a leakoff
coetlcient less than 0.001 ft/~ [0.0003”m/~]. Results
of the borehole seismic gcopboncs will be given in a later section.

Mini fracture 2. Minifracture 2 was designed to be twice the size
of Minifracmre 1 and used 30,000 gal [114 m3] of a noncross-
Iinked 60-1bm/1,000-gal 7.2-kg/m3 ] WGA-2 gel, a more viscous

!fluid. A 4,500-gal [17-m ] prepad of IOW-PHmethanol was again
used, and the flow rate for this test was also 10 bbllmin [0.027
m3/s]. The same diagnostics were used to evaluate fracmre be-
havior.

The data from Mini fracmre 2 are shown in Fig. 6. Again, the
treatment pressures were high for this small-volume treatment,
reaching a value of 1,100 psi [7.6 MPa] above the initial closure
stress as shown in Fig. 6a. The log(log effective-treatment-pressure
plot (Fig. 6b) shows an initially greater-than-expecfed exponent of
0.32, as opposed to the value of 0.26 expected for this rheology
(n’=0.46 k’ =0.02 lbf-seen’/ii2 [0.96 N.seen’lm2]). Later in the
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Fig. 7—Resttlts of borehole geophones for minifractures.

treatment, h exponent decreases to 0.17, which may indicate some
height growth out of zone. The temperature log shows some addi-
tional height over Minifrscture 1; we estimate it to”be 150 ft [46
ml. The Nohe pressnredecfine analysis is shown in Fig. dd. The
IIW.Mns, leakoff height, and degradation are Ihe same as Minifmc-
ture 1; the pump time was 88 minutes and the 153Pwas 6,893 psi
[48 MPa]. The analysis results in an estimated wing len

P“f”oft [128 m] a.@ a lea+off mefticient of 0.04137W min [0.0002
ml~]. The analysis of two shut-ins during fhis treatment
gave an estimated leakoff coefticie.t of less thsn 0.Q31 17/=
[0.fH303m/@]: These data indicated that fracture-length ex-
tension was occurring without excessive height growlh even tboogh
the treatment pressures were abnonnafly high. Additionsfly, the
low leakoff coefficient suggested that the nesrby cods were not
thieving excessive fracture fluid.

Miniirachtre Borehole Seismic Rmdts. The results of tbe bore-
hole seismic system have been repormd by Hart et al. 5 and are
shown in Fig. 7. Seismic signals created by the fracturing process
were mapped by the gmphones in Well MWX-3; the geophones
in Well MWX-2 provided no clear data because of noise problems.
The locatiom of origin of tie seismic dismrbances were mapped
in 3D space snd then projected on horizontal and vertical planes
in Fig. 7 to show the fracture azimuth, hei@, and length. The meas-
ured frscmre azimuth was N67° W for tie one wing of the frscture
from which the geophone in Well MWX-3 could accurately resolve
locations. The height and length of fhis one wing were about 140
and 240 ft [43 and 73.m], respe&vely, for Minifracture 1 and 150
and 370 ft [46 and 113 m], respectively, for Mini fracome Z; These
numbers are very similar to the Noke aoslysis results.

Postminlfractrwe Cleanup and Well Tests
After completion of the ndnifrscture tests, the well was cleaned
for a week before cold weather necessifsted a winter shutdown.
During this week, 60% of the fluid load was recovered. During
January, the welI was flowed once a week for additior,d cleanup,
and another 10% was recovered. Finally, the well was shut in for
2 months before the postmitdfracmre well testing operations. In
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I TABLE 2—TREATMENTDSSIGN SCHEDULE”

Stage
1
2
3
4
5
6
7
8

Fluid

Msthanol
APOIIO40”

APOIIO35
APOIIO35
APOIIO35
Apollo S5
APOIIO 25
ADOIIO25

Amount
(gal)
7.700

18;000
3,000
5,000
6,000

54,000
1s,000

Sand Concentration
(ibm/gal)

o
0
1.5
2.0
S.o
4.0
5.5
5.5

Sand
(Ibm)

:
4,500

10,000
18,000
56,000
99,000
5.500

I 9 W&r flush 8;764 o 0
Total 61,464 193,000

I .Co”my d ‘m We,!.nnco.
. ‘A OIhJ,,OC&@ ‘nycjmy,~ guar “mslink~ witha lhanm salt. Base

fluidis a 3% KC1waterwi!hsz.gaul,orx!.galbactericide.

late March, testing began and sn additional 22% of the initisl load
was recovered for a total of 927. (some of this may have been for-
mation water).

Postminifracture testing3 consisted of three consecutive draw-
down periods at different rates, a shut-in pericd, and a tinsl draw-
down. The main purpose was to determine the effects of the
treatment and the unpropped fracture on resemoir performance.
No attempt was made to look for interference. We found that the
productive capacity of the reservoir had decreased considerably,
at least over the short times of these tests (25 days of testing). The
formation capacity was estimated to be 0.64 md-ft [0.0W2 md,m],
a decrease of about 30%, and the AOF was about 203 McfiD [5665
m3/d], as opposed to 250 Mcf/D [7080 m3/d] prefracture. The un-
propped fracture provided a A?tively high, limm, conductive flow
path with a fxmjore capacity, Kfl, of 75 md-ft [0.022 md.m] and
a skin of –3.8. Apparently, the natural fractures hsd been damaged
by the treatment, and test time was not sufr3ciently long to clean
&em, if they could be ch?sned.

Slydraufic Fracture Design
The design of the second phase-the main hydmulic-fmcmre
treatment-was infltteoced by several considerations. First, we want-
ed to optimize propped fracmre length with respect to sand reser-
voir size. The extent of Zone 3 was probabIy 200 to 500 ft [61
to 152 m]; the extent of Zone 4 was unknown. We found no rea-
sons for cresfing a fracture with a propped Iength greater than 5CM
ft [152 m]. Second, we were concerned shout the high treatment
pressures snd preferred keeping the viscosities, flow rates, and
volumes low to minimize the pressure. Third, we had no informa-
tion on remote lenses (not intersected by the wells) and we were
concerned about the effects of the cods on the treatment and pro-
ducdo% this favored a small treatment. Fourth, the fracture diag-
nostics could only “see” about 400 ft [122 m], so much longer
fracmres woufd be difticuh to diagnose.

Fracture height for the design models was uncertsin because we
had broken through the known upper barrier, yet we did not expe-
rience excessive out-of-zone growth. This is probably because the
Upper barrier Significantly reduced fracture width there snd acted
as an eflclent flow restriction. Because of these complications, we
assumed a constant fracture height of 200 ft [61 m] for design pur-
poses (this is based on the minifmcome results A gross leakoff

&coefficient of 0. CCf165ft/~ [0.0@2 M/ min ] for a full Z@3-
11[61-m] height was catcutated from the mirdfmcture resuhs. Rock
and reservoir properties am tie same as before.

The results of this treatmerit sre shown in Table 2. The cross-
linked water-based floid sysiem, Apollo, was used and was staged
from a concenuation of 40 Ibm/l, ~ gal [4.8 kg/m3] in the psd
to 25 Ibm/l ,000 grits [3 kg/m3] k the tlmt proppant-canying stage
(all water is 3 % KC1). For analyses requiring rhmlogicd data, the
35-lbnt/l,tW3-gal [4.2-kg/m3] gel at a residence time of 1hour and
~Feramre of 193”F [89.4”CI was considered average. Under
these conditions, n’ =0.78 and k’=0.00@ lbf-seen’/ft2 [0.29
N- seqn’/m2]. Because of the high temperatures, bresker was
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Fig. 8—Results of the Phase 2 stimulation.

.

added only in Stages 7 and 8 in concentrations of 0.25 to 0.5
Ibm/l,CWl gal [0.03 to 0.06 kg/m3]; the addition of breaker in the
earlier stages would have reduced viscosi~ sufficiently that sand
fall-out would have been expecfed before the slurry reached the
fracture extremities. Beta.se of the success with fluid recovery in
the minifractures, a methanol prepad was again used.

Sand concentm.tions were staged up to 5.5 Ibmlgd [66Qg/mJ],
the maximum that we felt confident of being able to inject at rates
of 20 bblhnin [0.053 m3 /s]. This results in an average design con-
centration in the fracture of about J lbmlft2 [4.9 kglmz ]. A
20/40-mesh sand was used for all stages except the futal one (Stage
8), in which 12/20 mesh was used for a &iI-in. A radioactive+md
tag was used in the entire job, iridium 192 was used in rhe first

half and iodine 131 in the last half of the treatment. Sutlcient sand
concentrations were used so that if the fhdd broke before final
closure, the resultant sand bank viould ffl both channel sands..Am-
monium thiocyamte in a concentration of about 10Qppm was used
as a fluid tag..

We pkmned m perfmm three shut-ins during ad pumping to es-
,!timate Ote leakoff coefficient using Nlercde’s analysis, a short

rate test (15 bblhnin [0.04 m3/s]) during the pad to see the effect
on treatmemtpressure, and a long postfmchwe shut-in m obtain pres-
WE dwl~e &~. 13we had the Wmcdiagnostic techniques= us~

in the minifractures, as well as a treatment monitoring vehicle for
cakuk?dng BHP from surface tijwdon conditions and extended real-
time data-monitoring capabilities.

PAWDAL POST.FRAC TEMPERATuRE LOG

TElmewlllm ~FJ
led ,-

-t -’0’-7
-_ . ---.’...4 . . .. -------- ---. .,._
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Phase 2 Hydraulic Fraature Experiment
The Phase:2 hydraulic fracture war conducted in early May 1984.
The well configuration consisted of 7-in. [18-cm] casing with a
bridge plug at 7,20i3 ft [2195 m] and Z%-in. [7.3-cm] tubing land-
ed open-ended at 6,750 ft [2057 m]. The pressure and temperature
transducers were again in the tubing at 6,700 ft [2fM2 m] while
we pumped down the annulus. Surface data included casing treat-
me;t pressure, static-tubing pressure, flow rate, sand concentra-
tion, base gel viscosity, and surface fluid temperature.

On the treatment day, the borehole geophones were lowered in
Wells MWX-2 and MWX-3, oriented, and rechecked. KCI wafer
(3%) was circulated down the anwdos to remove gas in the well,
and the 7,700 gal [29 m3 ] of methanol were spotted in the annu-
IUS.FinaJly, the pressure and temperature tools were lowered and
stabilized and the treatment begun.

Only one problem occurred during the treatment, and this was
a result of problems with the BHP processor. It began to malfunc-
tion, and we were forced to shut in for about 40 minums after p.mp-
ing 163 bbl [26 m3J. (Only methanol was in the formation at this
point.) Once the problem was repaired, the treatment continued as
planned. However, thk unplanned shut-in probably restdted in a
leakoff of much of the methanol in the near-wellbore region and
in considerable viscosiw degra&tion of the pad fluid that was sit-
ting in the hot wellbore.

The results from the treabnent are shown in Fig. 8. This includes
the actual treatment data in Fig. 8a, the Nolte-Smith analysis in
Fig. 8b, the Nierode analysis in Fig. SC, and the Noltc pressure
decline analysis in Fig. 8d. The difference in the three BHP meas-
urements is a result of offsets in the three curves so that they could
be distinguished. The curve labeled BHP is from the BHP gauge,
is corrected to the top of the perforations, and is not offset. Treat-
ment pressures reached about 1,500 psi”[10 MPa] above closure
stress during the job.

The Nolte-Smith fracture-pressure analysis shows a small slope
(0,21) for the first hatf of the treatment, but then an increasing slope
(to 0.57) the final half of the treatment. We were concerned that
rhk was a sign of impendbg screenout. The three shut-ins during
the pad and the final shut-in were used for the Nierode analysis.
The initial data showed a low fluid-toss coefficient (the accuracy
of those low points is questionable), but the final shut-in indicates
a much greater tluid loss. Whether this is real in tie sense that much
greater fluid loss occurred at late times (possibly into the natural
fractures) or whether there is some other explanation is uncem?in.

The Nolte analysis provided our most interesting look at fmc-
ture behavior. Attempts to tit the pressure-decline data to the type
curve were unsuccessful until we realized that something unusuat
occurred at a dimensionless time of 0.7 (because the pump time
was IOQminutes, this is 70 minutes after shut-in). The pxe-O.7data
can be tit nicely, while the post-O.7 data Owen sigttifimntly. We
interpret this as initial fracture closure on the proppant, at lea.rtnear

‘ the wellbore. The only way this could occur so early was if the
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gel broke, the sand fell to the bottom of the fracture, and any addi-
tional incremental leakoff would then result in closure of the bot-
tom of the fractore on the proppant. Using the early data for the
analyses, we obtain a win Ien th of 520 ft 1158 m] and a leakoff

F“coefficient of 0.0012 ~/ mm [0.0004 m/~] if the height is
180 ft [55 m], or v Iues of 420 ft [128 m] and 0.0015

+“ft/~ [0.0005 m/ mln ] lf the height is 200 ft [61 m]. The fluid
efficiency in either case is 74%. Additional parameters for this anal-
ysis are a leakoff height of 80 ft [24 m], art ISIP of,7,300 Psi [SO.3
MPa], and a degradation exponent of 1.0.

The postfracture surveys were not very helptil in detinirg the
fracture height, as shown in Fig. 9. We had trouble lowering the
temperature tool into the zone because of sand ffll, and we have,
at best, a gross estimare of fracture top. The gamma survey only
showed radioactive sand in the perfmated interval and thus gave
no indication of fracture height. Furthermore, tie borebole geo-
phones were plagued by high noise levels during this treatment,
and only a few clear seismic signals were obtained. All that can
be said about these &ta is that fracture azimuth war approximatdy
th$ same as that of the minifractures, and the few signals that were - -
obtained all fell within a 200-ft [61-m] height window. However,
the accw-acy of some of these points may have been poor.

Postfracture Cleanup
After completion of the treatment, the well was opened to clean
up and produce back as much of the fracture fluid as possibie.
Recovery in the first few days was more than 50 % of the total in-
jected volume, but additional water recovery was much slower,
Problems with sand in the wellbore, a stuck packer, and the well-
head and choke restdted in several shur-in periods and the circtda-
tion of water several times. These may have hampered the cleanup
process somewhat. Over the next 4 weekr,. additional water recov-
ey was poor, and th~ well produced less than 50 Mcf/D [1416
m Id]. Furthermore, n showed no signs of improving.

Several boildups over this period seemed to indicate that the frac-
ture was very short (10 ft [3 m]), as if it were clogged or bridged,
Continuous returned fluid samples were taken, and analysis of the
organics indicated molecular weights on the order of 2 x 106: We
were afraid that the mi”irrxrl amounts of breaker that we used to
ensure good proppant tramport may have resutted in inadequate
breaking of the gel (at least over this period of a few weeks) and . . . .
possibly a gel plug existed in the near-wellbore region. Because
schedule concerns would not allow us to wait indefinitely for the
gel to break completely by formation temperature, we proceeded
with a remedial breaker treatment in an attempt m break any gel
plug and to ensure co”d”ctivity i“ the fracture,

Remedd Treatment. Tbe remedial treatment consisted of 6,5Fd
gal [25 m3J of 3 % KC1 water with 135 lbm/1,000 gat [16 kg/m3]
of ammoniom persutfate breaker plus 1,000 gal [3.g m3] of 3%
hydrogen peroxide. This 7,500-gal [28-m3] total volume was suffi-
cient to fO the fmcture porosity with excess. It WEISinjected at suftl
ciently low rates (1 to 2 bbllmin [0.002 to 0.005 m 3/s]) to keep
the BHP below 6,000 to 6,200 psi [41 to 43 MPa] and thus not
open the fracture. This treatment was completed with no problems,
but we saw an immediate 1- to 2-psi [7 to 14-kPa] response with
a BHP gauge in Well MWX-2. Whether this was an actual inter-
ference through connected permeability or a poromechanical
response to the prersuqzed crack is uncertain; both are possible.

The load water from the remedial treatment was recovered with
a week, and fluid recove~ after this treatment was two to three
times better than before. Water samples showed that the molectdar
weights of tie polymer were now less than 200,000, down fmm
about 1,000,CQO.Unfortunately, while this treatment cleaned up
the gel residues, it also resulted in the formation of large amounts
of iron oxide precipitates because of the reactive mture of tbe ciiem.
icals. Most of these were from reaction with the tubing a“d casing;
however, core studies after the fact showed a 40 % reduction in per-
meability and more than doubled cleanup times. Penneabitity redwc-
tion in an artiticiatly created fracture in the core was about 90%
with cleanup times increasing about two orders of rnag”itude. We
may have exchanged one problem for another. Additionally, ionic
ardyses of the returned fluids indicated rhit we were producing
increased amounts of formation waters, possibly from the coats.
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TABLE 3—POST-FRACTURE WELL-TEST D“ATA.

Time
(days)

0.5
i .0
1.5
2.0
2,5
3.0
3.5
4.0
4.5
5,0
5.5
5.87
6.02
6.06
6.13
6.26
6.43
6.56
6.73
7.05
7.20
7.36
7.51
7.65
7.80
7,9
6.5
9.0
9.5

10.0
10.5
11.0
11.5
72.0
12.5
13.0
13.11
13.18
13.29
i 3.36
13.44
13.51
13.56
13,81
14.25

Production
Rate

(McfiD)

225
114
107

64
120
171
147
171
157
151
150
146

0
0
0
0
0
0
0
0
0
0
0
0
0

162
142
i 59
120
154

BHP
(psi)

1,307
i ,5-i4
1,971
2,071
1,958
1,932
1,726
1,504
1,319
1,400
1;327
i ,222
2,004
2,067
2,145
2,261
2.393
2:468
2,566
2,698
2,748
2,792
2,831
2.877
2;901
2,S47
2,439
2,231
2,149
1.702

81 1;860
126 1,702
155 1,658
158 1,580
i 52 1,515
120

0
0
0

0
0
0

2;656
2,158
2,265
2.329
2:385
2;435

o 2,431
0 2,535
0 2,766

Cumulative

(;:0

150
193
257
296
369
437
524
597
670
741
617
652

662
953

1,047
1,106
1.196
1;233
1,224
i ,389
i ,458
1,533
1.597

The well still did not flow readiiy, and we continued cycling the
well to produce as much fluid as possible. Throughout this cleanup
phase, the well configuration consisted of open-ended tubing situ-
ated just above the perforations. Gas flow rates were too low to
give us lift up the tubing. After 1 month of grzduat cleanup, we
c~ged the well configuration and inserted a packer with tubing
extendimz below the perforations. The uacker gave us better con-
trol of B~P (we fin~ that we need to Maintab=at least 1,COO-psi
[7-MPa] BHP to keep gas flowing in these formations), and the
long tubing tail provided a method to drain the maximum amount
of fluid from the fracture and wellbore. We immediately recov-
ered about 50 bbl [8 m3] of liquid and obtained gas f30ws in ex-
cess of 100 McflD [2332 m3Id]. At thk point, the total recovery
of fracture fluid was somewhat less than 70%, white the recovery
of all fluids put in the weU since the treatment was more than SO%.

Postfracture Well Testing
We continued to flow Well MWX- 1 while we prepared the oiher
two wells for another interference test. 3 fn mid-JuIy 1984, this t+t
was started, and the important data are shown in Fig. 10 and Table
3. Specific reservoir and completion &ta are given in Table 4. The
testing consisted of three drewdowns with two interspersed build-
UP PUIWS and a long, final buildup in Well MWX-I. The nw.i-
mum sustaimble flow rate (AOF) was about 170 Mcf/D [4314
m3/d], down from the previous flow tests. No clear indication of
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TABLE 3—PoST-FRACTURE
WELL-TEST DATA’ (continued)

Production Cumulative
Time Rate BHP Gas
(days] ~(Mcf/D] (Mcf)
14.55 0 2,848
14.99 0 2,692
15 i 45 2,7M 1,605
15.5 152 2,469 1>688
16.0 151 2,235 1,755
16.5 i i’i 2,265 1,827
17.0 169 1,738 1,929
17.5 164 1,708 2,004
16.0 173 1,540 2,076
19.0 159 1,556 2,190
20.0 152 1,384 2,346
21.0 162 1,248 2,492
21.93 186 864 2,641
21.96 0 1,019
21.98 0 i ,733
22.03 0 1,943
22.08 0 2,077
22.21 0 2,275
22.32 0 2,365
22.54 0 2,510
22.78 0 2,615
23.01 0 2,705
23.24 0 2,776
2S.59 o 2,861
24.05 0 2,952
24.48 0 3,022
24.93 0 3,078
25.38 0 3,124
25.80 0 3,164
26.46 0 3,216
27.13 0 3,261
27.78 0 3,299
26.53 0 3,338
29.50 0 3,386
30.70 0 3,438
31.44 0 3,466
32.45 0 3,501

‘Water Pcdu.tion 1.9s than 2 8(D. .0 cmdmsat..

TASLE 4—PALUOAL TEST PARAMETERS

Reservoir parameters
Initial preze”re, psi 5,400
Temperature, OF 210
G= specific gravity 0.67
Net porous thickness, ft 26
Average porosity, % 10.2
Average permeability, &d 36
Average water saturation, % 46
Average core permeability, ~d 1

Completion paramete=
Perforation depths, R 7,076 !0 7>100

7,120 to 7,144
Casing ID, in. 6.134
Tubing ID, in. 2.441
Packer depth, ft 7,050
Bridge plug depth, ft 7,200
Pressure buildup wellbore volumes, bbl

Buildup 1 and 2 46 ~
Final buildup with downhole closure 6

I

interference was s%n bWell MWX-2”or~-3 during these tests.
While some pressure disubances can be seen in Fig. 10, mme of
these am correleteble with flow or shut-in peiicds in Wel MWX-I
on a conztent delta-time besiq i.e., if we see a pressure response
as a result of one pulse at some dekyed time &, we shoutd see
another pressire reepanse as a result of the next pulse at approxi-
mately the same & after the pulse. NO such behavior is obvious.
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To interpret these results, both homogeneous and dual-porosity
reservoir simulators were used. We assumed that the far-field in-
situ permeability was 36 #d because of tie mtural-fracmre system,
but the natural-fracture system near the induced hydraulic fracture
was plugged, a“d the permeability in this damaged region was equal
to the matrix permeability, about 2 pd. We proceeded to match the
Well MWX- 1 BHP data by varying the hydraulic-fracture Ien.gh
and fbe thickness of the damaged zone around the fracture. A suita-
ble match (see Ref. 3) was found with a damage thickness of 9 fi
[2.74 m] on both sides of the fracture and an effective fracture wing
length of 75 ft [23 m], This short length could be a result of either
a short fracture or a narrow reservoir ch~el; the two cases are
indistinguishable. Thus, our best match of the well test data shows
that we further damaged the existing natural-fracture system, as
we also did in the minifractures. Because we believe from the
minifracture results that we had a fracture longer than 75 ft [23
m], the channel reservoir size appears to be only about 150 f! [46
m] in total permeable width where the fracture intersects it.

We expect that the reservoir damage would have continued to
clean up with much longer production times, but the length of our
test time was constrained by other factors. Nevertheless, such 10”E
cleanup times will be a ,problem for any operator.

Final Production Tests After a Long-Term Shut.in

Testing of these paludal sands was suspended in mid-Aug. 1984,
while we tested other zones upbole. In late March 1986 (20 months
kiter), however, a“ opportunity arose to retest these zones to evaluate
any time dependence of fbe suspected damage. The zone was flow
tested for 7 weeks with an initial rate of 420 McflD [11.9 m3/d],
a cumtiative prcctuced volume of 15,8 MMscf [447 X 10: std m3],
and an average rate of 320 Msct7D [9060 std m3/d]. No liquids
were produced initially, but after 5 days, water production started,
increased rapidly to about 35 B/D [5.6 m.3/d], and eventually to-
taled 860 bbl [137 m3].

These results suggest that the.damage after the fracture is rever-
sible and is probably caused by water and gel blockage of the natural
fractures, Over the long shut-in, the gel may have degraded fur-
ther, and imbibition of the water into the matrix rock probably
cleared the natural fractures of most water and dehydrated any m-
remaininggel. When production was resumed, gas production ttwmgh
the natural fractures was no hmger hindered, and flow rates were
much closer to the expected values.

Discussion
Lens Morphology. The. final well test analysis showed that the im
tersecdon of the fracture length and the reservoir was only about
150 ft [46 m]. Because we believe the fracture was much longer
than this (fhe minifracmres wire about 400 ft [122 m] and the Noke
analysis gave a minimum length of 400 ft [122 m] for the main
treatment), tbe probable reason for this result is a narrow charnel
width. This is consistem with widths measured in outcrop by
Lorenz2 and shows the importance of such smdies for a complete
evaluation of stimulation and well test &m, as well as for treat-
ment design and for production and economic forecasw,

Natural Fractures. A comparison of core and weO test data leads
us to conclude that the major flow paths are natural fracmres and
that the system must be fairly interconnected to show no sign of
linear flow. Any well completion operations must be carefully de-
signed to limit any damage to the m,tural.fcactme system, We alSO
find that these reservoirs wifl not produce unless a. backpressure
(in this case about 1,000 psi [7 MPa]) is maintained at the sand
face. Branag.m et al. 3 suggest that this maybe a stress sensitivity
of the natural- fracmre sy3tern.

Interference. During the prefracture and post fracture well tests,
no certain evidence of interference was found in the pressure &ta
or even in the slopes of the pressure data. While dds may have
been masked somewhat by the pressure recovery occurring simd-
taneously in the interference wells (see Fig. 10), permeabilities of
36 pd and flow lates of 250 Mcf/D [7180 m31d] should have been
sufficient to impart an observable superposed pressure response.
Factors hampering mmnmnication are the thiming of Zone 3 at
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Well MWX-3, tbe lack of Zone 4 in Well MWX-2. and the fauft
in Welf MWX-2. Even with these features, gwd sand connectivi-
V“should exist. We can only surmise rhat this lack of interference
is a result of one of two things. Either the fracture networks are
isolated ‘and may motintersect all wells, or sufficient shale breaks
exist that each well is in communication with an isolated reservoir.
If the latter is uue, malysis becomes extremely diftic”lt.

AbuormaJ Treatment Pressures. During all fracturing tests in this
mne, we observed very high pressures during the frwdtnents, Sever-
al possible reasons efist for such high pressures. The first possi-
bility is complex fracturing, as dixmssed by Medli” and Fitch] 6
for other wells in tie Mesaverde in the Piceance basin. The second
possibility is that the fracture reached the lateral ends of the lens
so that treatment pressures would need to increase substantially for
excessive fracturing to occur i“ the higher-stress shales. The shon,
effective fracture lengths measured in well tests make this crwO-
ble. The thhd possibifky is backstressm caused by fluid leakoff,
but this is typically a much smaller effect. The fourth possibility .- .
is the presence of high-stress stringen, possibly between the zones,
that would reduce fracture widths and increase pressures somewhat.
All these factors may have contributed to tbe pressure levels.
Whatever the cause, high pcessmes can result in many deleterious
effect% the most obvious one is wider, shoficr hydraulic fractures.

Reservoir Damage. AO the well test data support tbe premise of
damage to the natural fractures as a result of the treatment. The
importam qwstions are why this damage occurs and why it is so
hard to clean up. We believe that the degree of damage is in large
part a result of the high treatment pressures. Tbesc high pressures
may have either opened the intersecting natural fracmres or forced
the gel into them under such high differential pressures that pro-
duction of these gels was diffhdt under norm~ reseryoir co”df.
tions. This indicates rhat cleanup times will always be excessive
when treatments are conducted in this environment with a water-
based system: One good alternative is to use a foam fracmring sys-
tem so the fractures are exposed to less water. Another akemative
is not to fracture at all and accept the initial 250 Mcf/D [7080
m3/d], or possibly to try a treament, such as tailored pulse load.
i“g, 17 where rhe only intern is m obrai” a good connection wkh
the naturat-fracmre system. -. .

Diagnostics and ,Analyses. After the minifractures, we were sur-
prised at the sundari~ of the results of the borehole gwphones,
the temperature log, and the N@te amlysis. This agreement in in-
dependent diagnostic techniques Save us confidence in their a.ccnrr-
CY. Addition~ly. the fracmre azimuth determined during the
treatment agreed with prefecture predictions obtained from core,
log, and surface stress orientation measurements, 7 The data from
the main treatment, while disappointing, produced consistent trends
in fracture behavior.,

Containment. We apparently bad acceptable containment eve”
though the treatment pressures were much higher than any barrier
stress, so any barrier (pwticulady the top one) should have been
penetrated. We attribute this to these high-stress layers acting as
restrictions rather than absolute barriers. Because of the high stress-
es, fracture widths are much smaller in these layers, and thus, pres-
sure drops become ve~ large when we try to force fluid through
them at any fast rms. Thus vertical growth occurs quite slowly.
In addition, proppant may bridge in these narrow regions.

Coats. We.had been concerned about the effect of the cods i“ the
treatment and gas production, but no obvious deleterious develop-
ments seemed to occur. One positive effect was the high sues i“
the coal above Zone 4 (the highest stress in the paludd interval),
which probably was a significant factor limiting height growth. No
obvious loss of fracture fluid occurred because of the coals, but
water production from the coals may have been partly responsible
for the hindered cleanup.

Proppant Crushing. We designed the treatment with a sand prop-
partt because we felt that a closure stress of 5,900 psi [40.7 MPa]
combined with a minimum wellbore pressure of more than several

SPE Fommdm Evaluation, December 1987



hundred psi would result in acceptable conductivities for tie sand-
pack, pardcukuly with our formation permeabilities. With the
cleanup problems and repeated blowdowns, however, we proba-
bly often had effective sesses on the proppwd approaching the
total closure stress. When combined with the cyclic fatigue load-
ing, thesebigb sfresses may have r.edted in much reduced mn-
ductivity. We suggest fbat in fbese situations the pmppam should
be overdesigned, at least new fbe wellbore.

Reversibility of the Dsmage. Our ability to produce MISzone it
much bigher rates after the 2G-month shut-in demonstrates that fhe
damage is primarily liquid-induced (gel, water),. as opFosed to me-
chanical damage to fbe natural fracture system. Because the inhkd
production after shut-in was dry, we can afso deduce that imbibi-
tion of the fracture load water into the matrix pore volume was a
positive factor because it cleared the mtuml fractures.

Conclusions
We have success fidly completed a fracmring and testing experi-
ment in the prdudd zone of the Mesaverdc. While the experiment
was disappointing in teims of gas production, the primary objec-
tives of understanding hydraulic-fracture behavior and reservoir
characteristics in Ienticub.r formations have been largely realized.
Impmtant consideradons-such as lens morphology, risenvoir char-
acteristics, gas flow mechanics, fracture containment and Iaferat
extension out of lenses, fracture fluid damage, and many otiers—
have been addressed. We hope that the discussion of these topics
and the recommendations that we have made wi!l h helpfid to other
operators
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S1 Metric Cemrersion Factors
‘API 141.5/(131.5+ “API) = g/cm3

bbl X 1.589873 E–01 = ‘m3
ff x. 3.C4S* E–01 = m

ft3 X 2.831685 E–02 = m3
“F (“F–32)/l.8 =. c

@ X 3.785412 E–03 = m3
in. x 2.34* E+Cll = cm

Ibm x 4.535924 E–01 = kg
psi x 6.894757 E+OJ3 = E%

‘Ccm..mio. Iac!oris exact. SPE3?E

Original SPE !namuscriPt 18ceivd for review May 19, 1935, Paper ac,wled far P,btica.
lion March 14, 1986. Revised rnm.scrip received March 35, 1987. Paper (SPE 13876)
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